. Dynamics of PAHs and derived organic compounds in a soil-plant mesocosm spiked with 13C-phenanthrene. Chemosphere, Elsevier, 2016, 168, pp.1619-1627. 10.1016/j.chemosphere.2016 Their fate and the influence of the plant rhizosphere on their dynamics has been extensively 16 studied, but studies mainly focused on their dissipation rate. We conducted a plant-soil 17 mesocosm experiment to study the fate and distribution of PAHs or derived compounds in the 18 extractable fraction, the residual soil, the shoot biomass and the root biomass. The experiment 19 was conducted for 21 days using ryegrass and a forest soil spiked with 13 C-labeled phenanthrene 20 (PHE), using combined IRMS and NanoSIMS for analyses. Almost 90% of the initial 21 extractable PHE content was dissipated within 3 weeks, but no rhizospheric effect was 22 highlighted on PHE dissipation. More than 40% of 13 C-PHE was still in the soil at the end of 23 the experiment, but not as PHE or PAH-derived compounds. Therefore it was under the form 24 of new compounds (metabolites) and/or had been incorporated into the microbial biomass. 25 2 About 0.36% of the initial 13 C-PHE was recovered in the root and shoot tissues, representing 26 similar 13 C enrichment (E 13 C) as in the soil (E 13 C ≈ 0.04 at.%). Using NanoSIMS, 13 C was also 27 localized at the microscale in the roots and their close environment. 
2
About 0.36% of the initial 13 C-PHE was recovered in the root and shoot tissues, representing 26 similar 13 C enrichment (E 13 C) as in the soil (E 13 C ≈ 0.04 at.%). Using NanoSIMS, 13 C was also 27 localized at the microscale in the roots and their close environment. Global 13 C enrichment 28 confirmed the results obtained by IRMS. Some hotspots of 13 C enrichment were found, with a 29 high 32 S/ 12 C 14 N ratio. Comparing the ratios, sizes and shapes of these hotspots suggested that 30 they could be bacteria. 31
Introduction

42
Polycyclic Aromatic Hydrocarbons (PAHs) are ubiquitous and persistent organic 43 compounds found in the soils of large brownfield areas in many former industrial regions. They 44 are composed of two or more benzene rings and result from the incomplete combustion by 45 pyrolysis of organic materials from natural or anthropogenic sources (Edwards, 1983) . They 46 are persistent in soils due to their low water solubility and high adsorption on soil constituents 47 7% sand, had organic carbon and total nitrogen contents of 23.0 and 1.62 g kg -1 respectively, 106 and a low PAH content (13.4 mg kg -1 ). The soil sample was air-dried, ground and sieved to 2 107 mm, and then spiked with 300 mg PHE kg -1 of soil. Spiking modalities were as follows: one 108 with unlabeled PHE ( 12 C-PHE, Sigma Aldrich >97%) and two with known 13 C-PHE/ 12 C-PHE 109 mixtures ( 13 C-PHE, Sigma-Aldrich Isotec Stables Isotopes, Miamisburg, Ohio, USA). The 13 C-110 PHE/ 12 C-PHE ratio was 1:8 for organic carbon analyses and 1:1 for NanoSIMS analyses. A 111 PHE-hexane solution was added to 1:10 of the total soil mass for spiking. Hexane was 112 evaporated under a fumehood, and then the spiked soil was homogenized with the remaining 113 9:10 of soil mass. 114
The planted and non-planted mesocosms were conducted in 50-mL glass jars with 40 g 115 of PHE-spiked soil. They were inoculated with 10 mL of soil suspension from a PAH-116 contaminated soil (200 g L -1 in 0.85% NaCl) to ensure that a PAH-degrading microflora was 117 present. Five ryegrass (Lolium perenne) seeds were added in each planted mesocosm. The 118 experiment was conducted in a growth chamber under controlled conditions (22°C/18°C with 119 16h/8h day/night, 250 µmol photons m -2 s -1 , 80% relative humidity) for 21 days. Four replicates 120
were prepared for each planted and non-planted modality and each sampling time (0, 7, 14 and 121 21 days), and for each 12 C-PHE-and 13 C-PHE/ 12 C-PHE-(1:8 ratio) spiked soil, except for 1:1 122 13 C-PHE/ 12 C-PHE-spiked soil (one replicate, and sampling after 7 and 14 days for NanoSIMS 123 microprobe analyses). At each sampling time, ryegrass shoots and roots were removed from 124 6 the soil and separated. The roots were washed with distilled water and dried with filter paper. 125
The fresh plant material and soil were oven-dried at 35 °C and then ground, and the soil was 126 sieved to 200 µm prior to analyses. 
Eq. 3 159
Where C x refers to the C content, expressed in µg C g -1 of soil or plant. 13 C distribution (%) in 160 the mesocosms was deduced from the 13 C concentrations and by considering that the percentage 161 of 13 C initially added in the soil after PHE-spiking was 100% (T0). 13 C distribution (%) was 162 calculated for the PAH extracts, the residual soil and the plants. The remaining 13 C was 163 considered as 13 C loss. 164
Elemental mapping analyses in the roots 165
The fresh ryegrass roots harvested after 7 and 14 days were rapidly cut into 0.5-cm 166 pieces and placed on adhesive film. The fine roots were cryofixed using a LEICA EM CPC 167 Universal Cryoworkstation. They were frozen at atmospheric pressure (10 5 °C s 916 was required to resolve mass interference between 13 C and 12 C 1 H), and mass calibration 182 was achieved using standard iron oxide references. The isotope ratio of the two 12 C and 13 C 183 carbon isotopes allowed us to localize and quantify the The extractable PHE concentration immediately after soil spiking (T0) was 171.6 ± 0.7 213 mg kg -1 (Figure 1 ). After 7 days, PHE concentrations were 128.1 ± 9.7 and 137.6 ± 10.8 mg kg -214 1 in the planted and non-planted mesocosms, respectively, indicating 20-25% PHE dissipation. 215
The main decrease in PHE concentration was noted after 14 days, with 49.8 ± 15.6 and 40.2 ± 216 15.9 mg kg -1 of PHE in the planted and non-planted mesocosms, respectively, i. 13 C-enrichment and distribution in the planted and non-planted mesocosms 223 13 C-enrichment (E 13 C) values are summarized in Table 1 and Figure 2a . No significant 224 difference in E 13 C was noted between the planted and non-planted mesocosms. E 13 C of the bulk 225 soil decreased from 0.097 at.% at T0 down to 0.047 at.% after 21 days, while E 13 C of the 226 residual soil increased from 0.005 at.% to 0.044 at.% over the same time period. At the end of 227 the trial, there was no significant difference in 13 C concentration between the bulk and residual 228 soils, indicating that 13 C was mainly present in the residual soil under a non-extractable form 229 (Table 1 ). E 13 C in plant tissues was studied after 7 days. It reached 0.015 at.% and 0.017 at.% 230 in the roots and shoots, respectively. From 14 days, no significant difference was noted between 231 root and shoot E 13 C due to the high heterogeneity of values. After 21 days, E 13 C in residual soil 232 as well as in ryegrass shoots and roots was around 0.04 at.%. 233 13 C distribution was measured over time for the different compartments of the 234 mesocosms: residual soil, PAH extract, plant, and C loss (Figure 2b ). At T0, 94% of the total 235 13 C content was recovered in the PAH extract, and 6% in the residual soil. The 13 C content of 236 the PAH extract decreased over time down to 3-11% of the total 13 C content, while it increased 237 significantly in residual soil and reached 45-48% of the total 13 C content after 21 days. The 238 ryegrass 13 C content represented less than 1% of the total 13 C content, mainly due to the very 239 low dry mass as compared to the total mass of soil (a few mg versus 40 g). The 13 C loss from 240 mesocosms accounted for 19% after 7 days and up to 43% after 14 days. 241 242 3.3. Mapping of 13 C enrichment in ryegrass roots 243 NanoSIMS analyses were carried out on unlabeled and labeled roots after 7 and 14 days. 244
The mean percentages of 13 C atoms in the roots were 1.09 in unlabeled (control) roots, 1.11 in 245 13 C-labeled roots after 7 days, and 1.15 in 13 C-labeled roots after 14 days. A significant 13 C-246 enrichment was noted in labeled roots after 14 days relatively to the control. 247
A mapping of 13 evidence of global 13 C enrichment in the roots, but rather locally distributed hotspots. Three 255 zones were identified close to the root epidermis (Figure 4 ), but none close to the soil particles. 256
These hotspots were mainly oval-shaped, and 1 to 2 µm in diameter. 257
An area of interest, pinpointed by the white square in Figure 3 , was enlarged and 258 presented in Figure 4 .a) Hotspots (red), root (green and blue association), soil (white) and resin 259 (green) were well identified. The black zone between the resin and the root could be holes that 260 formed during sample preparation. The hotspots were adherent to the root epidermal cells but 261 not to the soil particles. A linescan was drawn through root and hotspots (Figure 4.b) Global root C-PAH enrichment was also determined in the ryegrass rhizosphere at a 358 finer scale using NanoSIMS, based on 13 C/ 12 C ratio measurements on images obtained for 359 control ( 12 C) and labeled samples after 7 and 14 days. There was no evidence of 13 C-PAH 360 association to iron oxides in the close root environment. However, hotspots of 13 C enrichment 361 close to the roots probably indicated the presence of bacteria, as suggested by their size, shape 362 and element composition. A part of PAH carbon was sorbed on the roots, but it was mainly 363 incorporated into the bacteria mentioned above. These bacteria probably degraded PHE and 364 incorporated PHE-derived 13 C into their biomass. 365
16
The use of labeled contaminants and the coupling of IRMS and NanoSIMS is a relevant 366 and powerful tool for determining the dynamics of these contaminants. 
